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Introduction

Summary

The clinical efficacy of peroxisome proliferator-activated receptor gamma
(PPAR-y) agonists in cell-mediated autoimmune diseases results from down-
regulation of inflammatory cytokines and autoimmune effector cells. T cell
islet autoimmunity has been demonstrated to be common in patients with
phenotypic type 2 diabetes mellitus (T2DM) and islet-specific T cells (T*) to
be correlated positively with more severe beta cell dysfunction. We hypoth-
esized that the beneficial effects of the PPAR-Y agonist, rosiglitazone, therapy
in autoimmune T2DM patients is due, in part, to the immunosuppressive
properties on the islet-specific T cell responses. Twenty-six phenotypic
T2DM patients positive for T cell islet autoimmunity (T*) were identified
and randomized to rosiglitazone (n=12) or glyburide (n=14). Beta cell
function, islet-specific T cell responses, interleukin (IL)-12 and interferon
(IFN)-y responses and islet autoantibodies were followed for 36 months.
Patients treated with rosiglitazone demonstrated significant (P < 0-03)
down-regulation of islet-specific T cell responses, although no change in
response to tetanus, a significant decrease (P < 0-05) in IFN-y production
and significantly (P < 0:001) increased levels of adiponectin compared to
glyburide-treated patients. Glucagon-stimulated beta cell function was
observed to improve significantly (P <0:05) in the rosiglitazone-treated
T2DM patients coinciding with the down-regulation of the islet-specific T
cell responses. In contrast, beta cell function in the glyburide-treated T2DM
patients was observed to drop progressively throughout the study. Our
results suggest that down-regulation of islet-specific T cell autoimmunity
through anti-inflammatory therapy may help to improve beta cell function
in autoimmune phenotypic T2DM patients.
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was shown recently to have a direct effect on visceral
adipose tissue T, accumulation, phenotype and function

Peroxisome proliferator-activated receptor-gamma (PPAR-
y) mediates important immune regulatory functions in
conventional T cells, macrophages and dendritic cells [1-7].
The ability of ligand-activated PPAR-Y to inhibit interleukin
(IL)-12 production by dendritic cells as well as its ability to
inhibit interferon (IFN)-y production by T cells indicates
that this nuclear hormone receptor plays an important role
during differentiation of naive T cells into their effector
subsets [1]. PPAR-y also plays a critical role in natural regu-
latory T cell (T,,) suppressive function and in the differen-
tiation and stability of inducible Ty [8—10]. In fact, PPAR-y

[11].

Consistent with the immunoregulatory effects of PPAR-y,
a number of PPAR-y agonists have been used to treat effec-
tively murine experimental autoimmune encephalomye-
litis (EAE), colitis, asthma and allergic disease [12-19].
In humans, PPAR-y agonists have demonstrated clinical
efficacy in treating Crohn’s disease, psoriasis and multiple
sclerosis, reflecting a beneficial effect in cell-mediated
autoimmune diseases [20-23].

During recent years, the relationship between inflam-
mation, cytokine production, insulin resistance and
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subsequent development of type 2 diabetes mellitus
(T2DM) has become apparent. Inflammation in the pancre-
atic islets of T2DM patients includes inflammatory
cytokines [24,25] and proinflammatory immune cells
[25,26]. The chronic systemic inflammation associated with
T2DM patients has been hypothesized to contribute to the
development of T cell islet-specific autoimmunity in some
phenotypic T2DM patients [27-31]. Activation of islet-
specific T cells (T*) in phenotypic T2DM patients has been
found to be more common than appreciated previously
[31], and correlated positively with a more severe B cell
lesion [31,32].

Treatment of T2D patients with PPAR-y agonists, such as
rosiglitazone or pioglitazone, have been shown previously
to have beneficial effects on glycaemic control, insulin sensi-
tivity, insulin secretion and plasma adipokine levels [33].
Recently, the cumulative incidence of monotherapy failure
at 5 years was shown to be significantly lower in phenotypic
T2DM patients treated with the PPAR-y agonist, rosiglita-
zone, compared to T2DM patients treated with metformin
or glyburide. The clinical efficacy of rosiglitazone was
believed to be due, in part, to a slower decline in beta cell
function in rosiglitazone-treated patients [34]. We hypoth-
esized that the beneficial effects of PPAR-y agonists in
T2DM patients might be due, in part, to the immunosup-
pressive properties on T cell islet autoimmunity and inflam-
matory cytokine production. In this study we compared the
islet-specific T cell responses (T*), IL-12 production, IFN-y
production and glucagon-stimulated beta cell function
in autoimmune phenotypic T2DM patients treated with
the PPAR-y agonist, rosiglitazone, to autoimmune T2DM
patients treated with glyburide. Our results demonstrate
that treatment of autoimmune phenotypic T2DM patients
with an anti-inflammatory medication capable of suppress-
ing the islet-specific T cell responses and inflammatory
cytokine production may slow or stop the decline in beta
cell function in T2DM patients.

Materials and methods

Subjects

Twenty-six phenotypic T2DM patients defined by obesity,
age > 35 years, HbAlc levels (between 6-10%) and fasting
C-peptide levels (> 0-8 ng/ml) positive for T cell responses
to islet proteins (determined by cellular immunoblotting)
were followed for 36 months. Patients on insulin were not
eligible. Informed consent was obtained from all subjects.
This study was approved by the Institutional Review Board
at the University of Washington.

Study design

This was a randomized, open-label, multiple oral dose
study. Randomization was achieved by the random number
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method with odd versus even indicating treatment group.
T2DM patients meeting the inclusion criteria were rand-
omized to either rosiglitazone or glyburide after 2 weeks off
prestudy diabetes medications. Patients were scheduled for
visits at 3-month intervals for 36 months of follow-up.
Dosage for the rosiglitazone group was started at 4 mg once
per day and increased to twice per day if glycaemic control
(HbAlc = 7-0%) was not achieved. Dosage for the glybu-
ride group was started at 2-5 mg (or same dosage received
prior to the study) and increased to twice per day up to a
maximum of 10 mg twice per day if glycaemic control was
not achieved. If monotherapy treatment did not achieve
adequate overall control (HbAlc =7-0%), metformin was
added and the dose increased gradually as needed up to
1000 mg X2 per day. If necessary to achieve a HbAlc
= 7-0%, acarbose was added subsequently up to a
maximum dose of 100 mg X3 per day.

Autoantibody assays

Glutamic acid decarboxylase (GAD)-65 autoantibody assay.
The determination of GAD-autoantibody levels were per-
formed at the Northwest Lipid Metabolism and Diabetes
Research Laboratories (NLMDRL) (Seattle, WA, USA).
GAD-autoantibody was measured in a radiobinding immu-
noassay on coded serum samples, as described previously
[31]. In the Immunology of Diabetes Society (IDS) Diabe-
tes Antibody Standardization Program (DASP)-sponsored
2010 workshop, the sensitivity of the GAD assay was 82%
and specificity was 93-3%. The NWLDRL is participating
actively in the National Institutes of Health (NIH)-
sponsored autoantibody harmonization programme.

Insulinoma-associated protein-2 autoantibody (IA-2) assay.
The IA-2 autoantibodies were measured at the NLMDRL, as
described previously [31]. Autoantibodies to IA-2 were
measured under identical conditions to those described for
GAD-autoantibody using the plasmid containing the cDNA
coding for the cytoplasmic portion of IA-2. In the IDS-
sponsored 2010 DASP workshop, the sensitivity of the IA-2
assay was 62% and specificity was 100%.

T cell assay: cellular immunoblotting (CI). CI was per-
formed on freshly isolated peripheral blood mononuclear
cells (PBMCs) to test for the presence of islet reactive T
cells, as described previously [35]. Briefly, normal human
islet cell preparations were subjected to preparative one-
dimensional 10% sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE), and electroblotted onto
nitrocellulose, the nitrocellulose cut into molecular weight
regions (blots) and then solubilized to form nitrocellulose
particles. The nitrocellulose particles containing islet pro-
teins were used to stimulate PBMCs at a concentration of
3:5 x 10° PBMCs per well. Positive T cell responses were
determined to be a T cell stimulation index (SI)>2-1,
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which corresponds to 3 standard deviations above the mean
of T cell responses to islet proteins from normal control
subjects [35]. T1D patients have been shown to respond to
4-18 molecular weight proteins and normal controls
(without diabetes) to 0-3 molecular weight regions [29,36].
Human pancreatic islets were obtained from the NIH-
supported Islet Cell Resource Centers (ICR-ABCC). The
tissue specificity of the T cell responses from diabetes
patients to islet proteins has been demonstrated previously
[35]. Cellular immunoblotting has been validated in two
distinct NIH-supported T cell validation studies designed to
test the ability of several different assays, including CI, per-
formed on masked specimens to distinguish T cell
responses to islet proteins of T1D patients from control
subjects [37,38]. In the first validation study, the sensitivity
for detecting T1D patients from controls was 94% and spe-
cificity was 83% [37]. In the second validation study, the
sensitivity was 74% and the specificity was 88% [38]. In
2009, the specificity and sensitivity of the CI assay were
improved to 96% and 94%, respectively [39].

Tetanus toxoid. PBMC proliferative responses to tetanus
toxoid (CalBioChem, La Jolla, CA, USA) were tested at
each time-point for each patient as an antigen control
response. Soluble tetanus toxoid was utilized in place of
nitrocellulose-bound tetanus toxoid, as reported previously
[35], for ease of use. No differences in responses have been
observed between soluble and nitrocellulose-bound tetanus
toxoid (data not shown). Furthermore, no differences in
PBMC responses were noted for tetanus toxoid between
rosiglitazone- and glyburide-treated patients (data not
shown).

Enzyme-linked immunospot assay (ELISPOT). IL-12 and
IFN-y production was measured using the Human Cytokine
Elispot kit from U-CyTech (Utrecht, the Netherlands).
PBMCs were isolated and added directly to a 96-well flat-
bottom tissue culture plate at a concentration of 3 x 10°
cells per well, coated previously with antibodies to either
IFN-vy or IL-12. Cells were stimulated for 3 days with soni-
cated human islets at 37°C and 5% CO,. After 3 days cells
were lysed, secondary antibodies added and the plates incu-
bated overnight at 4°C. The plates were developed as per
the manufacturer’s instructions and results obtained using
the BioSys BioReader-3000 (Austin, TX, USA). PBMC
responses to tetanus toxoid were used as antigen control
responses along with responses to concanavalin A (non-
specific mitogenic responses).

ELISA. Adiponectin levels in serum of patients at baseline
and every 12 months of follow-up were measured using the
Quantikine Human Adiponectin Immunoassay from R&D
Systems (Minneapolis, MN, USA) according to the manu-
facturer’s instructions. The colour reaction was stopped
after 30 min and optical density was measured at 450 nm

using an MRX Revelation plate reader from Dynex Tech-
nologies (Chantilly, VA, USA).

Glucagon-stimulated C-peptide assay. C-peptide was meas-
ured at (NLMDRL) 6 min after stimulation with 1 mg glu-
cagon administered intravenously, as described previously
[32].

Statistics

All results for T cell and C-peptide are summarized as the
mean, and measures of variability are reported as standard
error (s.e.). Linear regression analysis was used to deter-
mine the best-fitted line, and an analysis of covariance was
used to compare slopes between groups over the entire
study. Two-tailed Mann-Whitney U-tests were used to
compare results at individual time-points between the treat-
ment groups. Two-tailed Wilcoxon matched-pairs signed-
rank tests were used to compare results between individual
time-points within the treatment groups.

Results

Demographic data, islet autoantibody and T cell responses
to tetanus toxoid from patients treated with rosiglitazone
and glyburide are shown in Table 1. No significant differ-
ences were observed in age, sex, race, body mass index
(BMI), islet autoantibodies, tetanus responses or time since
diagnosis between treatment groups at baseline or 36
months (Table 1). Islet-specific T cell responses in both
patient groups increased during the first 12 months, becom-
ing increased significantly (P < 0-05) compared to baseline
at 9 months of treatment for both patient groups (Fig. 1).
However, beginning at 15 months, T cell responses to islet
proteins in the rosiglitazone-treated patients became sup-
pressed significantly (P < 0-03). In fact, the T cell responses
to islet proteins in the rosiglitazone-treated patients became
negative at 15 months (fewer than four blot sections) and
remained negative throughout follow-up (Fig. 1). In con-
trast, the T cell responses to islet proteins in the glyburide
patients remained positive throughout the study (Fig. 1).
Mean stimulated C-peptide responses for both glyburide-
and rosiglitazone-treated patients are shown in Fig. 2.
During the first 12 months of follow-up, at the time T cell
proliferation increased, the C-peptide in the glyburide-
treated patients remained stable, whereas the C-peptide
responses in the rosiglitazone-treated patients declined sig-
nificantly (P < 0-05). However, after 12 months of follow-
up, when islet-reactive T cell responses were suppressed
in rosiglitazone-treated patients (Fig. 1), the C-peptide
responses in the rosiglitazone-treated patients improved. In
contrast, the C-peptide in the glyburide patients was
observed to continue to decline throughout the study,
reaching significance (P < 0-05) from baseline at 36 months
(Fig. 2). Comparison of the glucagon-stimulated C-peptide
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Table 1. Demographic, islet autoantibody, and T cell responses to
tetanus from patients treated with glyburide and rosiglitazone.

Demographic characteristics Glyburide Rosiglitazone
baseline and 36 months (n=14) (n=12)
Age (years) (mean * s.d.) 54-5 + 16-3 58 = 9-8
Sex, n (%)

Male 12 (85:7%) 8 (66:7%)
Female 2 (14:3%) 4 (33%)
BMI (mean * s.d.) baseline 309 = 4.7 32:6 = 4-5
BMI (mean * s.d.) 36 male 30-1 + 54 33.8 + 6-8

Race, n (%)
Caucasian 8 (57:1%) 9 (75:0%)
African American 4 (28:6%) 0 (0-0%)
Asian 1(7-1%) 2 (16:7%)
Native American 1(7-1%) 1(8:3%)
HbAlc (mean * s.d.) baseline 6-8 = 0-64 7-1 £ 0-51
HbAlc (mean * s.d.) 36 male 7-22 *+ 090 682 + 0:61
Length of disease (mean * s.d.) 2:92 + 1-8 32+ 17
Autoantibodies baseline/36 male
ICA only 472 270
GADA only 0/1 0/1
IA-2 only 0/1 0/0
ICA/GADA 0/0 2/1
ICA/T1A-2 1/1 1/1
1A-2/GADA 0/0 0/0
Antibody-negative 9/9 719
Tetanus toxoid response
SI at baseline (mean * s.d.) 18:9 * 24-8 22:1 + 346
SI at 36 months (mean * s.d.) 11-6 + 188 129 £ 113
HLA
Risk associated for type 1 diabetes
0201/0301 or 0302/04 7 (50%) 4 (33%)
Protective for type 1 diabetes
0602/1501 or 0303/0701 5 (35:7%) 3 (25%)
Other 2 (14-3%) 5 (42%)

BMI: body mass index; GADA: glutamic acid decarboxylase
autoantibody; HLA: human leucocyte antigen; IA-2: insulinoma-
associated protein-2; ICA: islet cell antibody; s.d.: standard deviation;
SI: stimulation index.

responses for the rosiglitazone- and glyburide-treated
patients demonstrated significant differences (P < 0-05)
beginning at 27 months (Fig.2). Significant differences
were also observed between the slopes (P <0-01) of the
responses from the two groups (data not shown).

The mean IFN-y and IL-12 responses for the
rosiglitazone- and glyburide-treated patients are shown in
Fig. 3. For the glyburide-treated patients, the mean IFN-y
(Fig. 3a) and IL-12 (Fig. 3b) responses increased through-
out the study and were elevated significantly (P =< 0-05) at
18 months for IFN-y and 24 months for IL-12 compared
to baseline. The IL-12 and IFN-y responses in the
rosiglitazone-treated patients increased during the first 12
months of follow-up and were increased significantly over
baseline at 9 months for both IFN-y and IL-12. However,
after 12 months the responses to IFN-y and IL-12 began to
decrease. Significant (P <0-05) differences were observed

Islet-specific T cell responses in 72D

between the treatment groups for both IFN-y and IL-12,
beginning at 30 months of follow-up for IL-12 and 33
months for IFN-y (Fig.3a and b). IFN-y and IL-12
responses to tetanus toxoid and concanavalin A were similar
between rosiglitazone- and glyburide-treated patients (data
not shown).

Previously, other researchers have identified increases in
serum adiponectin levels in patients treated with rosiglita-
zone. We also observed that adiponectin levels increased
significantly (P <0-001) in rosiglitazone-treated patients
compared to baseline, whereas adiponectin levels in
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Fig. 1. Mean = standard error T cell responses to islet proteins for
glyburide-treated (circles and dotted line) and rosiglitazone-treated
(squares and solid line) phenotypic type 2 diabetes mellitus (T2DM)
patients. The number of blot sections stimulatory to T cells
[stimulation index (SI) > 2:0] is demonstrated on the y-axis. A
horizontal line at three blot sections represents the cut-off for T cell
positivity. Asterisk at 9 months identifies significant (P < 0-05)
differences from baseline for both patient groups. Asterisks at other
time-points identify significant (P < 0-03) differences between the
groups.
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Fig. 2. Mean = standard error glucagon-stimulated C-peptide
(ng/ml) responses for glyburide-treated (closed circles) and
rosiglitazone-treated (open squares) autoimmune phenotypic
phenotypic type 2 diabetes mellitus (T2DM) patients. Asterisks
represent significant differences from baseline (P < 0-05) and between
the groups. Significant differences between slopes (P < 0-01) are not
shown on graphs.
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Fig. 3. Mean = standard error of number of spots for the enzyme-
linked immunospot (ELISPOT) cytokine response (a) interferon
(IFN)-y and (b) interleukin (IL)-12 production in rosiglitazone-
treated (open squares) and glyburide-treated (closed circles) during
follow-up. Asterisks identify significant differences (P < 0-05) from
baseline and between the groups.

glyburide-treated patients remained stable. Significant
differences in overall plasma concentrations of adiponectin
were also significantly (P < 0-03) higher in patients treated
with rosiglitazone compared to patients treated with glybu-
ride (Fig. 4).

Discussion

Systemic inflammation has been demonstrated to be
involved in the development of T2DM. Over the years, we
have used the validated cellular immunoblotting assay to
study islet-specific T cell autoimmunity in both T1DM
and T2DM patients [29,31,32,35-39]. The presence of the
islet-specific T cells in T2DM patients has also been linked
to a more severe beta cell dysfunction [32]. We therefore
postulated that suppression of the islet-specific T cells in
T2DM patients might benefit these patients by slowing or
reversing beta cell function. Although the beneficial effect
of PPAR-y agonists in T2DM immunotherapy was believed
originally to be due to an increase in insulin sensitivity,
PPAR-y agonists have also been reported to have anti-
inflammatory properties and may be useful in suppressing
autoimmune responses [21]. We propose yet another
possible mechanism for the protection offered by PPAR-y
agonists such as rosiglitazone against T2DM disease pro-
gression; namely, the suppression of islet-specific T cell
autoimmunity.

In this study, we observed that rosiglitazone was able to
down-regulate significantly islet-specific T cell proliferative
responses compared to patients treated with glyburide,
but not affect T cell reactivity to a recall antigen (tetanus

toxoid) or non-specific responses (concanavalin A). Islet
autoantibody responses were also not affected by either
treatment. We postulate that the length of time from initia-
tion of treatment to observation of diminished islet-specific
T cell proliferative responses (12 months) is due, in part,
to the time needed for the immune system to establish
regulatory cells or other regulatory mechanisms needed to
suppress the autoreactive T cell responses. Because T cell
responses to tetanus toxoid or concanavalin A were not sup-
pressed, it is unlikely that rosiglitazone has a toxic effect on
the islet-reacting T cells but, rather, instills regulation of the
autoimmune T cell response.

Other markers of inflammation and autoimmunity were
also down-regulated in the rosiglitazone-treated patients
(IFN-y and IL-12) compared to the glyburide-treated
patients. Additionally, the anti-inflammatory cytokine, adi-
ponectin, was significantly (P < 0-001) higher at 12 months
of follow-up in the plasma of the rosiglitazone-treated
patients coinciding with down-regulation of the islet-
specific T cell responses. In contrast, the adiponectin levels
in the plasma of the glyburide-treated patients were not dif-
ferent from baseline during follow-up. In other autoim-
mune diseases, rosiglitazone has been shown to be effective
in reducing the development of inflammation and autoim-
munity by increasing levels of regulatory cytokines such as
IL-4 and IL-10, increasing adiponectin, inhibiting T helper
cell proliferative responses and decreasing IL-12 production
[2,40-45]. We hypothesized that the beneficial effects of
thiazolidinediones (TZDs) in treating type 2 diabetes may
be explained partly by the down-regulation of islet autoim-
munity in these patients. Our data suggest that this may
indeed be one mechanism of action of the TZDs in type 2
diabetes.

We therefore propose that part of the clinical
efficacy of rosiglitazone therapy on beta cell function in
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Fig. 4. Mean =* standard error of adiponectin responses in the serum
of glyburide-treated (closed circles and dotted line) and rosiglitazone-
treated (open squares and solid line) patients at baseline and every

12 months of follow-up. Asterisks identify significant differences from
baseline and between groups (P < 0-001).
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autoimmune T2DM patients results from the immunosup-
pressive effects on the islet-specific autoreactive T cell
responses and cytokine (IL-12 and IFEN-y) production and
the up-regulation of adiponectin. Thus, assessment of islet
T cell autoimmunity may be important to determine
whether phenotypic T2DM patients might benefit from
treatment with rosiglitazone or other anti-inflammatory
medications capable of suppressing islet-specific T cell
autoimmunity.
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